In 2005, the Cold Regions Hydrology High-resolution Observatory (CoReH 2 O) proposal concept based on X-and Ku-band synthetic-aperture-radar (SAR) technologies was submitted by the international cold land processes science community to the European Space Agency and was selected for an 18-month study for space implementation [1] . In addition, the Snow and Cold Land Processes mission, also based on the dual-frequency SAR concept, was one of the satellite missions recommended for future NASA implementations in the recent earth science decadal study report [2] .
In past studies, ground-based microwave radar measurements at 5-35-GHz frequencies were obtained for snow with different wetness, depth, and SWE [3] [4] [5] [6] [7] [8] [9] . These historic measurements demonstrated the microwave radar response to snowpack for limited and/or artificial snow conditions. However, the impact of various vegetation covers, nominally present in the natural environment, has not yet been explored.
Demonstration of spaceborne SAR observations for SWE measurements was first report in [10] and [11] . The threefrequency (L-, C-, and X-band) multipolarization radar backscatter data from the Shuttle Imaging Radar-C (SIR-C) mission were used to estimate snow density, depth, and particle size. The physical-model-based retrieval approach provided reasonable estimates of SWE in comparison with in situ measurements. However, the retrieval uncertainty remained fairly large, probably because of the relatively smaller response of SIR-C frequencies to SWE than higher microwave frequencies. More recent modeling research [12] , [13] indicated that dual frequencies at combination of X-and Ku-bands are more optimal for remote sensing of SWE.
Recent analyses of spaceborne QuikSCAT scatterometer data with footprint size on the order of 30 km have suggested the presence of snowpack information in Ku-band radar observations for complex terrain [14] , [15] . The matchup of the QuikSCAT data with the National Snow Analysis (NSA) on a nominal daily basis was performed by the National Operational Hydrologic Remote Sensing Center, National Weather Service, National Oceanic and Atmospheric Administration, for the data acquired from July 2003 to April 2004 for several target sites, including the Mammoth Pass in California and three sites in Colorado. These target locations all have mountainous landscapes with a large percentage of forest stands. The QuikSCAT and NSA SWE scatter plots for all of the targeted areas indicate a monotonic increase of radar echo level for increasing SWE. In general, the change is about 1 dB in backscatter for 10-cm change of SWE for all of these areas. However, it remains unclear how the effects of mixed terrain cover in coarse-resolution U.S. Government work not protected by U.S. copyright.
TABLE I CLPX-II POLSCAT FLIGHT SUMMARY IN COLORADO
QuikSCAT measurements have influenced the radar response to snow accumulation.
Within the U.S., the cold land processes research community has supported the second Cold Land Processes Experiment (CLPX-II) during the 2006-2008 winter seasons in Colorado and winter [2007] [2008] in Alaska [16] . The objective of the CLPX-II experiment is to acquire an extensive Ku-band radar backscatter from various types of snow and vegetation cover, together with extensive in situ snow measurements. The experiment will serve as a testbed, providing the data set for the development of snow water retrieval algorithms and to test radiative transfer models [17] , [20] for a variety of snowpacks. This paper describes the characteristics of the POLSCAT data from the CLPX-II in Colorado and sensitivity of Ku-band multipolarization radar response to SWE.
II. POLSCAT/CLPX-II
From December 2006 to March 2008, we deployed the Kuband polarimetric scatterometer (POLSCAT) built by the Jet Propulsion Laboratory for five sets of aircraft flights (Table I) in north central Colorado. POLSCAT includes two-axis gimbals for a conically scanning parabolic antenna at a constant elevation angle, which is controllable from 0
• (nadir) to 65
• . POLSCAT transmits at a pulse repetition interval (PRI) of 350 μs with alternating vertical (V) and horizontal (H) polarizations from pulse to pulse. For each transmit pulse, POLSCAT detects the V-and H-polarization echoes simultaneously through two parallel receivers. This transmit and receive design results in four polarization combinations, namely, VV, HV, HH, and VH, for the detected radar echoes. The first letter of each polarization combination denotes the receive polarization, and the second letter denotes the transmit polarization. More detailed characteristics of the POLSCAT electronics, including the calibration loop for transmit power and receiver gain calibration, can be found in [18] , with the key characteristics being summarized in Table II . For the flight campaigns, we installed POLSCAT on a Twin Otter aircraft and operated the antenna at 35
• elevation angle (Fig. 1) . A set of Twin Otter flights were also conducted at 45
• elevation angle to acquire data for cross-calibration with the QuikSCAT data.
Three intensive observing periods (IOPs) with a total of ten aircraft flights were completed in December 2006 (IOP1), January 2007 (IOP2), and February 2007 (IOP3). These three IOPs were conducted with intensive sampling in many locations. In addition, we performed three flights in November 2007 and March 2008 to extend the time series. The first two flights were conducted in early November 2007 to survey the radar response of the study site before appreciable snow accumulation (Table I) . One additional data flight was completed on March 10, 2008, for late-winter conditions after the snowpack went through some freeze-thaw cycles from February to March. Because the in situ sampling equipment was committed to the CLPX-II campaign in Alaska from late November 2007 to February 2008, we could not complete in situ sampling for these three flights in November 2007 and March 2008. However, the data from these three flights, together with the data from three IOPs, allow us to explore the temporal changes of radar response to snow conditions from late autumn to early spring.
Each flight imaged an area of 9 km wide × 90 km long (Fig. 2) from the Quarry and Thorpe Mountains on the west to the Medicine Bow Mountains on the east. The Park Range (approximately 12 000 ft in elevation) is a mountain range of the Rocky Mountains in north central Colorado, separating the watersheds of the Yampa River and Oak Creek from North Park, which is a sparsely populated basin (about 8800 ft in elevation) between the Park Range and Medicine Bow Mountains. North Park encompasses several smaller tributaries, including the Michigan River and Illinois River. Located to the east of the Owl Mountain is the valley of the Michigan River. On the west side of the Owl Mountain is the Illinois River watershed, where the city of Rand is located. South of North Park is the Rabbit Ears Range (approximately 11 000 ft in elevation), stretching east-west along on the continental divide, which includes several mountains, such as Ironclad Mountain, Spicer Peak, and Buffalo Peak (Fig. 2) . This study area consisted of a variety of land-use/land-cover characteristics, including coniferous and deciduous forests, sagebrush, and pasture fields. The primary economic activities in North Park are cattle ranching and timber harvesting. In the watersheds of the Yampa River and Oak Fig. 1 . POLSCAT on the Twin Otter with two-axis gimbals for the conical scanning of the parabolic antenna at any incidence angle from 0 • to 65 • . There are nadir-looking infrared and video cameras mounted adjacent to the POLSCAT antenna radome. Creek, surrounded by the Quarry Mountain, Thorpe Mountain, and Park Range, there are also ranches with irrigated grass pasture fields. Just located at the foothills of the Park Range is the Catamount Lake, where snow and ice cover are nominally present from December to March. In the Park Range and the Rabbit Ears Range is the Routt National Forest with mostly coniferous forests, meadows, and some deciduous trees at lower elevation.
The Twin Otter flight altitude was maintained at about 14 000 ft above sea level, resulting in the above ground level of approximately 4000-7000 ft over the study area. At this altitude, the POLSCAT swath width for conical scanning at 35
• elevation angle is about 1.7-3.4 km, depending on the ground elevation. For each flight, we flew the POLSCAT on the Twin Otter with six parallel flight tracks, approximately equally spaced to achieve complete coverage of the entire 9 km × 90 km area.
During the background survey flights in November 2007, the visual surveillance (photographs and operator observations) from the Twin Otter aircraft and a road trip survey on the ground indicated no snow cover in North Park (Fig. 2) . There was patchy and thin snow cover in the Park Range and the watersheds of the Yampa River and Oak Creek. The Steamboat Springs Ski resort was almost bare with some snow in the trails (the second photograph on the top from the left in Fig. 2 ). The Park Range had more snow than the Yampa River basin although likely less than a few-centimeter SWE on average. The background survey flight data provided a useful reference data set for assessing the influence of snow accumulation on the radar backscatter over the study area. To provide calibration reference for POLSCAT, we flew the Twin Otter over the National Data Buoy Center (NDBC) buoy 46022 on March 4, 2008 , when the aircraft was returning to Colorado from Alaska. The NDBC buoy 46022 is located off the northern California coast, about 17 nmi west-southwest of Eureka, California. We performed four passes over the buoy with the POLSCAT operating at about 45
• incidence angle, corresponding to the incidence angle of the inner beam of the QuikSCAT scatterometer. The passes were completed in 1 h, during which the ocean surface wind speed was in the range of 9.5-10.2 m/s based on the buoy data acquired at every 10 min. We estimated the expected radar backscattering coefficient (σ 0 ) from the QuikSCAT model function [23] using the buoy wind speed and direction. The POLSCAT radiometric calibration was adjusted to match the POLSCAT data and QuikSCAT model estimates. The same radiometric calibration coefficient was used to process all the POLSCAT/CLPX-II data to achieve relative calibration consistency for the data from all IOPs. The POLSCAT data were binned and averaged on 200-m grids for each observation period ( Table I ). The VV radar image for the data acquired on November 8 and 9, 2007 (top panel in Fig. 3 ), shows distinct backscatter levels for different terrain covers. The backscatter from the forests in the Routt National Forest (Park Range and Rabbit Ears Range), Owl Mountain, and Medicine Bow Mountains showed strong radar backscatters of about −5 to −10 dB (yellow to orange colors). Inside the triangular region with the corners marked by three small triangles are deciduous forests with lower backscatter (green-yellow color) than the coniferous forests in the Park Range (orange color in Fig. 3 ). The areas with sagebrush cover or grass pasture in North Park and the Yampa River/Oak Creek watersheds had weaker backscatters of about −10 to −15 dB (green to light blue colors).
In November 2007, the weakest backscatter (deep blue) came from Lake Catamount, several lakes, and the riverbeds of Illinois River and Michigan River in North Park. The VV and HH backscatters from Lake Catamount were as low as −40 dB, indicating minimum wind-induced ripples or waves on the water surface. The cross-polarized backscatter, HV, from Lake Catamount was less than −43 dB, which supports our assessment of the POLSCAT system noise floor (Table II) . When there were snow and ice present in the lake from December to March, the radar backscatter could increase significantly to about −10 dB for VV and HH polarizations (Table III) . The snow and ice apparently were also strong depolarized scattering sources, resulting in about −20 dB for HV response.
Comparison of the VV data from three IOP campaigns (the middle three panels in Fig. 3 Fig. 3 ). Examination of in situ observations indicated that there was widespread depth hoar in the snowpack in late February. Ice lenses were also present, which were caused by several melting and refreezing events starting in early February. The large snow grains in the depth hoar and the ice lenses were apparently the cause of the significant increase in radar backscatter after January.
Another intriguing characteristic is the initial rise, followed by a drop in the radar backscatter from the coniferous forests in the Park Range, Owl Mountain, etc., over time (Fig. 4) . The top panel in Fig. 4 shows that the radar backscatter of coniferous forests in December 2006 was about 2-3 dB stronger than that in November 2007, while the change reduced to about 1-2 dB in January 2007 (middle panel) and about a few tenths to 1 dB in February (bottom panel). This should be contrasted with the increasing backscatter in the areas with short and sparse vegetation cover. It is unclear why the radar backscatter should decrease by about 2 dB from December to February for coniferous forests. One hypothesis is that the water content of the needle leaves and stems of coniferous trees decreased gradually over winter. Reduced water content will lower the dielectric constant of the tree canopies and, hence, the radar backscatter. Because no dielectric constant measurements were made, we cannot confirm or reject this hypothesis. The phenomenon of decreasing backscatter from coniferous forests after December should be a subject for further research.
The signals for cross-polarization, i.e., HV or VH, had similar features and distinct characteristics (Figs. 5 and 6). The cross-polarized (HV) radar backscatter shown in Fig. 5 had strikingly similar spatial distribution and temporal change to the VV backscatter shown in Fig. 3 . However, there seemed to be a sharper contrast in the HV backscatter between forested areas and sage brush or pasture fields in November, December, and January (top three panels in Fig. 5 ). For example, the VV backscatter image has more fuzzy transition from strong (orange color) to moderate (green color) amplitude, just to the east of the Park Range, while the HV backscatter image has shown sharper transition. This indicates that the HV backscatter carries more distinct information about the vegetation types than the VV or HH backscatter.
Another distinct characteristic is the significant strength of the HV backscatter from the snowpack. In November 2007 when there was no snow, the HV backscatter in the Yampa River/Oak Creek watersheds was about −15 to −20 dB and less than −20 dB in North Park. Toward the end of winter in March 2008, the HV backscatter in the Yampa River/Oak Creek watersheds reached as high as −10 to −15 dB, which is comparable to the backscatter from the forested areas in the Routt National Forest. It was suggested in [17] that the strong cross-polarized backscatter was the result of multiple scattering between densely packed sticky spheres (snow grains). An alternate source of the strong HV backscatter is the nonspherical geometry of snow grains, which will introduce cross-polarized radar energy into the backscatter direction. Our data set confirms the significant magnitude of the HV backscatter, which can be caused by nonspherical snow grains and/or multiple scattering between snow grains [17] .
It appeared that, by comparing the top two panels in Figs. 4 and 6, the HV backscatter changed less than the VV backscatter over time in some regions in North Park as the snow accumulated in December and January (see also Section IV for the discussion of the curve for North Park in Fig. 11 ). For example, the backscatter difference between December 2006 and November 2007 for the deciduous forests within the triangular region was about 3 dB for VV and 2 dB for HV. Also, the backscatter change between January and November 2007 was more apparent in VV than in HV over North Park with sagebrush cover. One possible interpretation is based on the relative volume scattering contributions of snow and vegetation. Supposedly, let us approximate the total radar backscatter as the sum of backscatter from vegetation and snow. If the vegetation and snow volume scattering ratio is larger for HV than for VV, it will require more change in the HV scattering from the snow to raise the total backscatter in decibels for HV. In other words, the scattering contribution from vegetation may cause the total HV backscatter in decibels to be less sensitive to snow accumulation. Our results suggest future research concerning electromagnetic scattering modeling of mixed snow-vegetation medium to provide detailed consistent interpretation of our observations.
Just to the west of the triangular region is an open meadow in the Park Range, roughly centered at latitude 40.38
• N and longitude 106.64
• W, where the change of radar backscatter was stronger than that of the neighboring areas with coniferous or deciduous trees ( feasibility of snow remote sensing for snowpack with moderate depth.
The ratio of copolarized radar backscatter (VV and HH) also indicates distinct characteristics of snow cover and vegetation. Although the levels of HH and VV backscatter data were quite close to each other, the ratio did have systematic changes over months (Fig. 7) . In November 2007, the HH/VV ratio is quite uniform within a few tenths of decibels, except for a few areas where the ratio can reach quite significant levels (orange color). For example, the riverbed of the Illinois River near the west of latitude 40.54
• N and longitude −106.2133 • W in North Park had greater HH backscatter than VV backscatter by about 1 dB (red color in Fig. 7 ). There are four mechanisms nominally considered for the microwave scattering modeling of snowpack or vegetation (Fig. 8) . For ground-surface scattering, there are two surface scattering models, including the geometric optic (GO) and Bragg scattering, nominally applied to the interpretation of remote sensing data. The GO surface scattering model, which is applicable to surfaces with large and gentle variations in surface slopes, will result in unity HH/VV ratio, while the Bragg scattering model, which is applicable to surfaces with small root-mean-square (rms) roughness, will lead to the HH/VV ratio of less than unity (or 0 dB). Therefore, the observed HH/VV ratio in many regions, where it was greater than unity in November, is not the result of either Bragg or GO scattering by rough surfaces.
Two scattering mechanisms may contribute to the observed HH/VV ratio over the study site in November. One is the volume scattering from vegetation, which may have more horizontally oriented leaves, twigs, or branches. If the vegetation components have preferred H orientation, the radar scattering effects may be more effective for H polarization. However, it seems unlikely for all types of vegetation in the study site, including pasture, coniferous tress, deciduous trees, and sagebrush to have preferred H orientation.
The other mechanism is the double-scattering effect by the ground and vegetation (mechanisms 3 and 4 in Fig. 8 ). The radar transmit signals can be bounced off the ground and then scattered by the vegetation toward the radar and vice versa. Because the Fresnel reflection coefficient for H polarization (R h ) for soil (dielectric) surfaces is larger than that for V polarization (R v ), the double-bounce (volume and surface) scattering effects will result in stronger HH backscatter than VV backscatter.
Table IV provides the nominal dielectric constant of dry soil, dry snow, and ice. The dielectric constant of the dry snow in Table IV is evaluated using the following empirical formula [22] :
Here, ρ is the snow density in grams per cubic centimeter. From the in situ measurements in December 2006 and January 2007, the snow density was mostly in the range of bare-soil surface (air above soil), about 7.5% of horizontally polarized incidence energy is reflected at 35
• incidence angle, which is more significant than the 2.4% reflection for V polarization. When there is a dry-snow layer above the soil surface, We now consider a rough estimation for the double-bounce effects on the HH/VV ratio. For relatively smooth surface, the radar backscatter contributed by the four terms shown in Fig. 8 can be approximated as
Here σ 0surface represents the surface scattering, σ 1 corresponds to the volume scattering from direct backscatter (vegetation and snow), and σ 2 corresponds to the bistatic scattering of the volume scatterers. The ground reflection effect is modeled by the Fresnel reflection coefficient R. The factor (α) accounts for the effects of reciprocal paths (3 and 4 in Fig. 8 ). In principle, the scattered electric fields from these two reciprocal paths interact coherently, and hence, factor α is four. Also, to be more general, the last term should be averaged over the slope distribution of the ground surface. Note that the aforementioned equation is only valid for short or sparse vegetation cover, where the ground surface is made visible by the radar. If we assume that the volume scatterers provide nearly isotropic scattering to the incidence radiation so that σ 2 approximately equals σ 1 , we have
Therefore, the HH/VV ratio can be approximated by
The first factor on the right-hand side of the equation accounts for the polarized scattering ratio due to the shape of the scatterers (snow grains or vegetation elements), and the second factor R hhvv accounts for the double-bounce scattering effects
If the volume scattering is much larger than the surface scattering, then Table V , we find that the HH/VV ratios can reduce by about 0.5 dB due to the presence of dry snow over dry soil.
After December 2006, one of the regions that showed distinct temporal changes of HH/VV ratio is the triangular area with three corners marked by the three little triangles in Figs. 3-6 . The area is primarily covered by Aspen trees, and the ground surface was observable by the radar energy. The VV or HV backscatter of this area in November 2007 was stronger than the backscatter from sagebrush and grass pasture to the east of this region but weaker than that from the coniferous forests to the west in the Park Range (orange color in the top panel of Fig. 3 ). The lower corner of this triangle corresponds to the Muddy Pass (Fig. 2) , where the U.S. Highway 40 meets the Colorado State Highway 14, which connects the Muddy Pass and the triangular mark to the northeast (lower panel, Fig. 7 ). In addition to this triangular region, we can find similar features in the pasture fields in the Yampa River/Oak Creek watersheds and many other areas. The HH/VV ratio within these areas was close to unity in December 2006 and rose over time to reach about 0.5 dB (yellow color) in January and near 1 dB (orange color) in February 2007. Although the data acquired in March 2008 were about one year after February 2007, the spatial features of HH/VV ratio of these two periods were very similar.
The question is, why should the HH/VV ratio increase over winter from December to March, following a decrease from November to December? Here, we consider two possible contributing factors. One is the double-bounce effect, and the other is the depth hoar. If the double-bounce mechanisms (Fig. 8) did play a role, there probably was a growing ice layer in the snowpack. Without the ice layer, the dielectric contrast is 1.5 versus 2.5 between snow and soil surface (Table IV) . The presence of ice layer would create a dielectric contrast of 1.5 versus 3.5 between snow and ice. Consequently, the addition of ice layer would increase the Fresnel reflection coefficient for H polarization (Table V) . However, if the icelayer thickness is much less than the radar wavelength, then the ice layer will be transparent and introduce negligible impact to the Fresnel reflection coefficients. If the thickness of ice layer on the ground and snow interface grew over time, the ice layer would become increasingly more effective to raise the Fresnel reflection coefficients and hence lead to increasing HH/VV ratio. The other possible contributing factor is the depth hoar, which is expected to grow over winter. The presence of depth hoar is common in relatively thin snowpack, which is likely to have large temperature gradient from top to bottom. Depth hoar consists of large-grained faceted cup-shaped crystals near the ground, and the depth hoar crystals may grow up to 10 mm in diameter, which is comparable to the wavelength (∼20 mm) of POLSCAT radar frequency. The snow grains in the depth hoar consist of weakly bonded facets. Because the H polarization of radar signals is parallel to the facets, the H polarization may have a stronger response to depth hoar than the V polarization. The differing polarization response to depth hoar may therefore result in the increasing HH/VV ratio over time after December. However, the increase of HH/VV ratio in North Park, where the depth hoar was also present in February, was not as significant as that in the triangular region with deciduous trees. The small change of HH/VV ratio in North Park indicates that the depth hoar was probably not the key contributor to the increase of the HH/VV ratio. We suggest further research with improved in situ measurements in this region to pinpoint the exact cause of the increasing HH/VV ratio.
The cross-polarized and copolarized backscatter ratio, HV/VV, provided different perspective of vegetation and snowpack (Fig. 9) . The HV/VV ratio data from November 2007 showed strong influence of vegetation, particularly the strong cross-polarized response from the areas with coniferous or deciduous forest stands (yellow and orange colors in the top panel of Fig. 9) . Also, over part of the Illinois riverbed near 106.2133
• W, where there was prominence of willows along the riverbed, the HV/VV ratio was comparable with that of forested areas, clearly separated from the rest of North Park with the sagebrush or grass pasture fields (green color in the November data). In general, the HV/VV ratio image is similar to the HV image in November 2007.
Similar to the HH/VV ratio, the HV/VV ratio was One striking feature is that the HV/VV ratio in February 2007 allows good separation of the forested areas from other types of vegetation covers, while there was no clear distinction in the HV backscatter (Fig. 5) . This feature was confirmed by the data acquired in March 2008. In February 2007, the HV backscatter from snowpack was so strong that it is difficult to distinguish the areas with sagebrush and pasture from the forested (coniferous or deciduous) areas in the HV image (Fig. 5) . However, the HV/VV ratio image in February 2007 is strikingly similar to the HV image in November 2007 (Fig. 5) , when the HV backscatter provided fairly good representation of differing vegetation covers.
IV. CORRELATION WITH IN SITU DATA
During the three IOP field campaigns, several "hourglass" (HG) test sites were selected with intensive in situ sampling. The size of each HG site was about 500 m × 500 m (Fig. 10) . The ground team made snow pits at the center and corners to measure the snow density, SWE, depth, and stratigraphy. The team also sampled the snow depth at about every 10-20 m along four transects configured in the shape of an HG (Fig. 10) . Two of the four transects passed through the center to reach opposite corners and two along the edges of each site. The SWE for the HG sites was estimated as the product of the average snow Currently, there are no instruments that can be used to provide consistent quantitative snow-grain characterization in the field. Therefore, we could only perform qualitative observations of snow-grain characteristics. Snow samples from the pits were put under the microscope in the field. The snow crystals were nominally loosely connected. Shaken lightly, some samples might break into a few snow grains. Under the handheld microscope, we found that the snow grains could have various sizes and irregular shapes. The short and long dimensions were typically in the range of a few millimeters, which agreed with the expected characteristics of snowpack in Colorado.
For each HG site, there were many radar footprints with their centers located within the 500 m × 500 m box. For example, each dot in the box on the lower right corner of Fig. 12 represents the center of one POLSCAT footprint sampled at about 20-ms interval. For consistent comparison with the averaged SWE data, we included the radar data for averaging only if the center of the radar footprint was within 200 m from the center of the HG sites.
The time series of the VV and HV data are shown in Fig. 11 for several HG The averaged radar data are shown in Fig. 12 against the SWE data from the HG sites for the data acquired from IOP1, IOP2, and November 2007. We do not include the data from February 2007 in the scatter plot because of the significant metamorphism of snowpack due to several melting and refreezing events, which introduced ice lens and crust layers in February. The POLSCAT HH, VV, and HV radar echoes increased by about 0.5-dB/cm SWE for the HG sites in North Park, 0.3 dB/cm in the Oak Creek watershed, and 0.15 dB in the HG sites in the open meadow near the Rabbit Ears peak. The radar response to snow accumulation seemed to be anticorrelated with the backscatter level of the HG sites in November 2007. The Rabbit Ears HG sites had the strongest backscatter (about −17 dB for HV) in November but the smallest backscatter-SWE slope (0.15-dB/cm SWE). The North Park HG sites had the weakest backscatter (about −23 dB for HV) in November but the largest backscatter-SWE slope (0.5-dB/cm SWE). When there was no or little snow in November, the radar backscatter essentially represented the strength of vegetation and ground-surface scattering. If the characteristics of snow do not differ too much between the Rabbit Ears and North Park HG sites, the same amount of snow accumulation will introduce the least change in decibels to the backscatter from the Rabbit Ears HG sites and will produce the most change in decibels to the North Park sites.
Also shown in Fig. 12 are the HH/VV and HV/VV ratios. As discussed before, the HH/VV ratios were generally greater than unity and reached as high as 1 dB for a few sites in North Park and the Oak Creek. The HV/VV ratio, a strong indicator of the vegetation cover, was generally higher for the Rabbit Ears HG sites. The characteristics shown in this figure are consistent with the behavior of polarization ratios shown in Figs. 7 and 9.
V. COMPARISON WITH QuikSCAT DATA Here, we use the POLSCAT data to study the spatial averaging effects in the coarse-resolution radar observations made by QuikSCAT [19] . QuikSCAT is a spaceborne Ku-band (13.402-GHz) scatterometer designed to measure the normalized radar cross section (σ 0 ) of sea surfaces for global ocean surface wind mapping. QuikSCAT uses a conical scanning reflector antenna, illuminated by two antenna feed horns to produce two antenna beams. The inner beam operates at a nominal incidence angle of 46
• with H polarization, and the outer beam operates at a nominal 54
• incidence angle with V polarization. The dimension of the QuikSCAT antenna footprint is about 25 km. The comparative analyses of the QuikSCAT data with the NSA for the data acquired from July 2003 to April 2004 for three sites in Colorado have suggested the presence of snowpack information in Ku-band radar observations for complex landscapes with about 0.1-dB increase per 1-cm change in SWE [15] , which is significantly weaker than the POLSCAT observations at a resolution of a few hundred meters. (Fig. 2) . The other location is centered at latitude 40.5
• N and longitude 106.2133
• W in North Park with primarily bare ground or sagebrush. We averaged all the QuikSCAT data with the footprint centers located within 10-km radius from the two selected locations on a daily basis and further separated the QuikSCAT data into morning (A.M.) and afternoon (P.M.) passes. The choice of 10-km-radius circle, rather than a smaller radius, is to obtain a sufficient number of QuikSCAT footprints in the circle to reduce the speckle noise from the average. The nominal random noise of each averaged QuikSCAT data point is about 0.2-dB rms (or about 1-dB peak to peak). The resulting spatial extent of the averaged QuikSCAT data is about 45 km, which is inclusive of the 25-km footprint size and the 20-km diameter for averaging.
The averaged QuikSCAT data for the location centered in the Park Range are shown in Fig. 13 . There were no significant differences between the data from A.M. and P.M. passes. Note that the dimension of the integrated QuikSCAT footprint is about 45 km, covering more than just the Park Range, but also part of North Park and the Yampa River/Oak creek watersheds. The time series shows that the QuikSCAT HH and VV backscatters increased by about 2-3 dB from October to late February. Subsequently, there was a drop by 3-4 dB in March, likely due to the melting of snow surface, which Comparison of POLSCAT radar data with the snow samples from the HG test sites. The snow depths at several selected test sites were sampled spatially in HG spatial patterns. These test sites are denoted as "HG" sites. Each HG site is about 500 m × 500 m. In addition to snow-depth measurements, snow pits were dug at the center and corners of the test site to sample snow density, grain size, and stratigraphy. The snow-depth measurements were averaged and multiplied by the snow-density observations from the pits to represent the SWE contained in each HG site. The POLSCAT data acquired within 200 m from the center of the HG site were averaged for comparison with the SWE estimate. reduced the volume scattering from the snowpack. After April, the QuikSCAT backscatter stayed fairly stable from May to late October (Fig. 13 ).
For comparison with the QuikSCAT data in Fig. 13 , we averaged the POLSCAT data if the center of footprint falls within a certain radius from one of the four intensive sampling areas inside the open meadow near the Rabbit Ears peak. This location is indicated by "rabbitears_dumontlake" in Table VI .
The POLSCAT data averaged over 200-m radius increased by about 2 dB from December 2006 to February 2007, which seemed to be comparable with the QuikSCAT backscatter changes. However, the POLSCAT data averaged within 5-km radius, including many forest stands and the open meadow, had a small decrease rather than an increasing trend shown in the QuikSCAT data. The decreasing trend of the POLSCAT data averaged over 5-km radius reflected the decrease of radar backscatter from the coniferous forests from December to February (Figs. 3 and 4 ). This comparison clearly shows that the increase of QuikSCAT data over winter (Fig. 13) was not the result of scattering from the forest stands in the Park Range but essentially was caused by the increase in backscatter from the snow accumulation in the open meadow and the thin snowpack in the Yampa River/Oak Creek watersheds and North Park (Figs. 3-6 ).
Similar comparison was performed for a selected location in North Park (Fig. 14) . The QuikSCAT data showed 2 to 3 dB changes over winter, slightly stronger than the change shown in Fig. 13 . Also, the QuikSCAT backscatter in summer for this location is about 1 dB lower than the data centered in the open meadow near the Rabbit Ears Range, where a larger percentage of the area is covered by forest canopies. The POLSCAT data were averaged over an area centered at the point indicated by "northpark_deline" in Table VI . This location in the riverbed of the Illinois River had lower backscatter than the surrounding areas (Fig. 3) , and hence, the average of the POLSCAT data within 200-m radius was 3-5 dB lower than that of the QuikSCAT data. Averaging the POLSCAT data within 5-km The data set also shows the critical need to improve the electromagnetic modeling for natural snow cover. The HV backscatter shows significant response to various snowpack in the study site and is also clearly a useful indicator to separate forests from regions with sparse and short vegetation cover. The significant magnitude of HV backscatter is close to 10 dB above the predictions from the traditional dense-media radiative-transfer (DMRT) model for spherical particles [20] . The significant HV observations support the necessity to include nonspherical geometry or multiple-scattering effects in the DMRT model for volume scattering from snow.
Another important driver for modeling improvement is the effect of mixed snow and vegetation in the radar footprint. In the Colorado study site, most regions have short and sparse vegetation, which can cause significant volume scattering and influence the spatial distribution of snow. The behaviors of polarized scattering signals and ratios indicated in the POLSCAT data were probably the result of more than just the individual scattering contributions from snowpack and vegetation but also the interaction between them. We attempted to understand some of the scattering signatures based on very simplified modeling physics, but there is definitely a lack of rigorous analysis to quantify the observed radar signatures, such as the change of HH/VV and HV/VV ratios over time. The POLSCAT/CLPX data point out the need for future modeling research to integrate the vegetation scattering modeling with the snow volume scattering model, such as the DMRT model [17] , [20] .
The POLSCAT VV or HH response (0.15-0.5-dB/1-cm SWE) seemed to be significantly larger than that indicated by the QuikSCAT and NSA SWE matchup analysis [9] , [14] , which showed only about 0.1-dB increase for 1-cm-SWE accumulation. Our conclusion is that the QuikSCAT/NSA analysis was influenced by the mixture of forests, sagebrush, pasture, and open snowpack in the coarse-resolution QuikSCAT footprints. The high-resolution data from POLSCAT indicated that the forested areas underwent significantly less or even negative changes in radar backscatter from December to February. The small or negative change of radar backscatter from forests over time is probably the key reason why the QuikSCAT/NSA analysis showed a much smaller response to the change of SWE. We concluded that the positive response of the QuikSCAT data to snow accumulation was essentially contributed by the snow over sagebrush or pasture areas or in the open meadows. To properly apply the QuikSCAT data for snow accumulation analysis, the mixed pixel effects have to be considered, and it is necessary to quantify the temporal change of Ku-band radar backscatter from coniferous forests in the QuikSCAT footprint. We suggest further modeling research and experimental observations for coniferous trees to improve our understanding to help delineate the effects of forest cover in the QuikSCAT data.
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